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Abstract

The general problem of solar modulation of the galactic cosmic
radiation is examined with particular emphasis on the solar wind
model ‘and a comparison.to the experimental cosmic ray data obtained
during the period from 1959 through 1965 including new results by
the authors. It is first shown that the experimental data available
at present allows only limited conclusions to_be drawn without making
any restrictions at all on the spectra outside the solar system. The
analysis then shows that the assumption of similar energy/nucleon
spectra at the source for protons and helium nuclei leads to un-
modulated spectra which have very high intensities at low energies

and a source spectral shape for helium nuclei which is inconsistent
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with the results deduced from an analysis of helium and heavier
nuclei. The assumption of similar rigidity spectra at the source
leads to a more reasonable possible source spectral shape. The
effect of the production of low energy protons in interstellar space
is included in the analysis. Finally, the degree of modulation

and a proton source spectrum are derived with the assumption that
the helium spectrum deduced from an analysis of helium and heavier
nuclei is correct. This final analysis leads to proton and helium

nuclei source spectra which are markedly different from each other.

I. Introduction

The intensity and energy spectra of the low energy galactic
cosmic radiation is known to vary strongly with time, being roughly
inversely correlated with solar activity. Several theories have
been proposed to explain these variations, and it is now known that
most of them are unsuccessful. In this paper, the results of work
undertaken by the authors will be combined with other data which
have been published to obtain a picture of the time variation of
the cosmic radiation during the declining phase of solar activity
(1959-1965). After a quick summary of the various theoretical
approaches which have been taken to the problem of cosmic ray modula-
tion, one particular model which seems particularly promising, the
solar wind model (Parker, e. g., 1958a, 1965), will be explored and

its predictions compared to the experimental data. To gain further
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insight into the problems of modulation and the source spectra, the
effect of interéiellar travel on the cosmic rays will be examined.

The production of low energy protons in interstellar space and the
implications of the relative spectral shape of the helium and heavier
nuclei wilil be given particular attention. From this analysis tentative
estimates will be made of the degree of solar modulation, the energy
dependence of the modulation, and the shapes of the source spectra

of the primary cosmic ray components,

II. Experimental Data

In this section, we wish to summarize some of the experimental
data which will be used in the subSequent discussion. Before proceeding
to the general presentation of the data, éxperimental results obtained
by the authcrs which have nct previously been published will be briefly
described so that they may be included with other differentisl flux
me:surement.s,

The experiments Just mentioned were z part of a ceortinuing program
begurn in 1961 to study the low energy galactic cesmic ray proton ard
helium nuclei spectra.

In this series nuclear emulsion detectors were flown on high
aititude balloons from Fort Churchill, Manitoba at ceiling altitudes
of between 2 and 3 gm/cm2 of residual atmosphere for about 10 hours.
Tre primary emulsion stacks were\rotated into the exposure positicn

t the balloon ceiling altitude in order to minimize the correciion

U]
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to the data for particles collected during balloon ascent. In addition
drop stacks, supplementary emulsion stacks which were released from
the balloon at ceiling when the main stack was rotated, were flown
and used to provide the intensity of tracks collected on the ground
and during the balloon ascent. The details of the balloon flights
are shown in Table 1,
A. Hydrogen Nuclei Data Analysis

The emulsions, except those from the 1962 flight, were scanned
at two depths--one to provide data in the energy interval from about
60 to 80 MeV and the other to provide data in the range of energies
from about 80 MeV to 250 MeV. The upper limit of the energy was set
so that particles would change grain density sufficiently in the

stack to permit a determination of their direction of motion. 1In

general two corrections were applied to the data: (a) a correction
for particles collected on the ground and during balloon ascent, and
{(b) a correction for secondary particles produced in the residual
atmosphere above the balloon ceiling altitude. Because of an unusua.
ascent period an additional correction was required for the 1961
flight as considered in detail in paper 1 (Fichtel et. al., 196ka).

The background-ascent correction was made in each case by subtract-
ing the suitably normalized drop stack spectrum from the spectrum
obtained from the primary stack.

The correction for production of secondary particles in the

atmosphere was obtained by analyzing the tracks which lay in the
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acceptance solid angle at the scan line and resulted from interactions
in the emulsion between the scan line and a line 8.5 mm above the scan
line. The relation between secondary particles produced in emulsion
and those produced in air has been considered in detail in paper 1.

In applying this correction to the data, the spectral shape of the
secondary spectrum was thained by combining the secondary spectra

from the various years. The spectrum of emulsion secondaries which
lay in our acceptance solid angle are shown in Figure 1. The intensity
normalization for a particular year was obtained from the flux of
secondary particles for that year except in 1962 where the secondary
particles were not measured directly. For this latter case the in-
tensity was determined by interpolating, using measured alpha particle
intensities as a normalization parameter. The correction for secondary
particle production in the obscured edge of the emulsion and in the
atmosphere was made in two steps. The contribution from the emulsion
equivalent layer (that is, the layer consisting of the obscured edge

of the emulsion and an additional amount of overlying atmosphere which
yields an ionization loss equivalent totaling 8.5 mm of emulsion) was
calculated from the energy spectrum of emulsion produoed.secondaries

as observed at the scan line. This typically corrected for the blackened
emulsion edge plus about 2.2 gm/cm2 of air, the exact amount depending
upon the amount of edge blackening in a particular stack. The contribu-
tion of secondary production in the remaining atmosphere, overlying

the emulsion equivalent layer, was made by breaking it into several
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intervals. In each interval the secondary production spectrum was
assumed to be that of the emulsion secondaries at their interactions
as shown in Figure 1, and the intensity was normalized using the observed
intensity of emulsion secondaries with sufficient energy to penetrate
the emulsion equivalent layer and the parameters, described in paper 1,
relating secondary particle production in emulsion to that in air.

Throughout the data there was no attempt to determine the isotopic
composition of the singly charged particles. The deuterons and tritons
which were identified by ionization versus range measurements were put
into the energy interval corresponding to their energy per nucleon, which
is consistent with the energy intervals into which unidentified deuterons
and tritons would be put, since their energy would be determined by ioniza-
tion rather than range. For particles with range in emulsion less than
2 cm an accurate isotope determination could not be made, and these
particles were assigned an energy on the basis of range, assuming them
to be protons.

B. Helium Nuclei Data Analysis

The helium nuclei data were handled in a manner described in
detail in paper 1. The only exception to this is that in the 1963 and
1964 flights the emulsion stacks were oriented at 900 to the vertical
during the ascent period so that the ascent correction was very much
simplified. In these latter two years, it was assumed that no alpha
particles entered into the acceptance solid angle during ascent.

The final spectra for hydrogen and helium nuclei for the years 1961

through 1964 are tabulated in Table II. Small changes in the proton
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fluxes from those published previously, (Fichtel et al., 1964a, 1964b),
result from the new correction for secondary protons produced in the
atmosphere above the emulsion stack incorporating all of the data

on secondary protons produced in emulsion. The quoted standard devia-
tions for the proton data include the statistical errors in the atmos-
pheric secondary correction, the ascent correction, and the primary
data. These data, combined with those of other investigations for the

period between 1959 and 1965 are presented in Figures 2 and 3.

JITI. Cosmic Ray Modulation Theories

The problem of the modulation of cosmic rays is one that has been
studied extensively for a considerable period of time. There are several
papers which review and discuss the various models in some detail, some
of the more recent ones being Webber (1962), Dorman (1963), Webber and
McDonald (1964) and Fichtel et al., (1964a). With the recent detailed
observations in space of maghetic fields (Ness et al., 1964 and Ness and
Wilcox, 1965, Wilcox and Ness, 1965, Davis et al., 1966, Coleman et al.,
1966a, b) and plasmas (Neugebauer and Snyder, 1962, Snyder et al., 1963,
and Bridge et al., 1965), the solar wind theory of the modulation of cosmic
rays seemsnow to be on firm experimental ground, whereas all of the other
modulation models have serious difficulties which are discussed in the
reviews mentioned above. The specific difficulties with two of the more

frequently discussed alternate models will be presented briefly below,



TABLE I. Balloon Flight Data

Mt. Washington Time of
Neutron Monitor Mean Altitude Exposure
Date of Flight Rate g/cm? (Sec x 104)
7 July 1961 2148 2.43 3.534
28 July 1962 2235 4.03 3.444
15 June 1963 2320 3.12 4.032

21 June 1964 2391 2.64 3.540




TABLE 1I. Differential Fluxes of Singly Charged Particles
and Helium Nuclei from 1961 through 1964,
Singly Charged Particles
7 July 1961 28 July 1962 15 June 1963 21 June 1964

Mev p/m?sr.sec

Mev p/mésr.sec

Mev p/m2sr.sec

Mev p/m2sr,sec

68.1 0.019+0.41

74.5 0.85+0.55

71.2  0.1240.86

120 0.25+0.13 120 0.26+0.18 120 0.87+0.22 120 0.94+40.35
205 0.56+0.12 205 0.4740.13 185 0.82+0.25 205 1.21+0.29
Helium Nuclei
7 July 1961 28 July 1962 15 June 1963 21 June 1964
Mev/ p/m2sr_sec |Mev/ p/m?sr.sec [Mev/ p/mZsr.sec Mev/ p/mPsr.sec
Nuc Mev/nuc Nuc Mev/nuc |Nuc Mev/nuc |Nuc Mev/nuc
83 0.062+0.024 113 0.156+.031 |108 0.23240.040} 109 0.298+0.062
150 0.073+0.012 | 200 0.213+0.032 200 0.257+0.043) 175 0.340+0.085
250 0.100+0.013 | 300  0.213+0.032 300 -0.215+0.030| 225 0.468+0.100
350 0.140+0.015 | 400  0.158+0.027 {400 0.205+0.037| 300 0.361+0.062
450  0.150+0.017 {500 0.141+0.025(500 0.170+0.030| 400 0.223+0.049
550  0.075+0.023 | - - - - 500 0.361+0.062
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but the main portion of this section will be devoted to a review of the
solar wind modulation theory in preparation for the comparison to the
experimental data which will be developed in the next two sections. The
solar wind modulation theory was first proposed by Parker (1958a), based
on the theoretical prediction of the general nature of the interplanetary
magnetic iield {(Parker 1958 b and c), and has subsequently been develioped
in detail by Parker (1963, 1965). Axford (1965), and Fibish and Abraham
(1965) .
A. Alternate Theories

The two modulation mechanisms mentioned above which are significantly
different from the solar wind modulation are electric deceleration and a
disturbed solar dipole. The former was first proposed by Nagashima (1953)
using a geocentric model. and later used by Ehmert (1960.° in = high #cilio-
centric model. This theory has subsequently been explored and comparea
to experimental data by McDonald and Webber (1959), Fichtel (1961), Freier
and Waddington (1965a) and others. There are a number of objections to
the electric deceleration model in addition to its failures to give entirely
satisfactory agreement with experimental data. These included the following:
the electrical conductivity in interplanetary space will almost certainly
not support the necessary potential, electron data disagrees with the
existence of a large potential (For a recent survey, see Abraham, Brunstein,
and Cline 1966), and the detailed characteristics of the heavy nuclei

argue against a large deceleration (Fichtel and Reames 1966).
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The modulation of the cosmic radiation by a solar dipole was first
proposed by Janossy (1937) and extended by Elliott (1960). The principal
arguments against this theory are the disagreement between the magnetic
field configuration which is required by the theory and that which is
observed the incorrect prediction of the variation in intensity with
distance from the sun, and the detailed assumptions regarding scattering

into the sun which are thought to be unlikely.

B. Solar Wind Modulation

In the solar wind picture the modulation is due to the diffusion
and convection of particles in the presence of small scale irregular-
ities in the magnetic field of the ocutward moving interplanetary plasma
(Parker 1963, 1965). The random walk of a particle in these small scale
irregularities can be determined once the patteyrn of irregularities and
the large scale magnetic field has been decided upon. As mentioned
previously the general picture of the interplanetary magnetic field at
least in the vicinity of the earth is now clearly established as being
the genérally spir dl pattern predicted by the solar wind theory with the
superimposed irregularities expected from plasma instabilities,(Parker
1958b,1958¢). Although the diffusion is not expected to be isotropic
because of the large scale magnetic field, Parker (1965) has shown that,
even for the two extreme cases of completely isotropic diffusion and
diffusion constrained to lie along the large scale spiral magnetic line

of force, it is not possible to distinguish the difference at the earth
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experimentally. Therefore, for the sake of simplicity, we shall
begin with the isotropic case and then only later discuss the aniso-
tropic case. In the solar wind modulation there is also a possible
deceleration of the cosmic ray particles, and this effect will be dis-
cussed at the end of this section.

Ignoring the deceleration contribution, the differential intensity
of particles in the vicinity of the earth for the isotropic case before
it is affected by the earth's magnetic field, j{(i,k), is given by the
expression (Parker, 1963):

3(i,k) = g(i,k) exp [ - Béfre ﬁ%)dr] (1)

g(i,k) is the spectrum just outside the solar modulation region, i
refers to the type of particle ( o for helium nuclei and p for protons),
k refers to whether the spectrum is in energy per nucleon, E/N, or
rigidity, R, V is the solar wind velocity, B 1is the particle velocity
in terms of the speed of light, r is the distance, and A is the mean
free path.

In order to obtain a simpler function, we shall make the following
two assumptions, which it is hoped will not introduce any gross error
and will at least include most of the models which have been proposed.
(l)[l/h(;, R)] 1s a function only r and not 7, and (2) the variables
r and R are separable, 1/A may then be written as:

1/» = o{r) H(R) (2)

It should be noted that this equation includes the case where
G{(r) is a constant and G(r) is proportional to 1/r or l/r2 discussed

by Quenby (1966) as well as several other possibilities.
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Substituting equation (2) iato {1) yiclds
j(ik) = g(i.k) exp [F [ro V() G(r)dr H(R] (3)
Since the integral is just a constant, we have

J(i,k) = gli,k) exp [-AHR) /B] 4)

where A = 3lra V{(z) G(r)dr (5)

The next pro-lem is the determination cf the rigidty dependence

of (1/)\), that ie the function B(R). Several different approaches

wiil be explored herej then, finally a comparison will be made. For

the spherically symmetric case, two limiting forms for A are 1/A =

constant, the strong scattering center approximztion and 1/N =
3 —r =

(RO/R)Z, the weak scattericg center aprroximation. In an early paper,

Parker (1956) suggeated the form

A= 11 +( 3 )2],

which for the purpcses kera, is equivalent to

Ry =

2H{R) = {1 + (R/R,)“] (6)
the radius of curvature, L the diameter cf the scattering center,

2RL/T, and B oii tre magrmetic tield strength, since equation (6)

reduces to ithe weak scattering approximaticr. for large p, the strong

one for small p, and alsc provides a v=ascnable transition between

the two.

Pazker (iv63) later gavs a more exadt expressioa for the rigidity

dependence of A, which 13 equivalint to the forlowliag:
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HER) ~ [ £2N(4) £(£) db where
f(£) =1, for £>p and
£() = [£/p]2 for & < p (7)

In this last set of equations, N(£) is the size distribution of
scattering centers,

In addition to looking at the recent data obtained during the
declining phase of the solar cycle, it is interesting to explore the
effect of various different choices of H(R) to see the importance of
the size distribution. A series of possible N(£) functions have been
selected, and some of them along with the resulting H(R) functions are
shown in Table IIT. The choice was limited to H(R) functions which had
only one adjustable parameter Ry, the mutiple constant being absorbed
in A. 1In general,not setting a lower cutoff to the £ distribution,
e.g. Lo, seemed to have only a very small effect on H(R) except for
R values very close to the small rigidity corresponding to Lo.

At this point, it is desirable to consider the fact that a large
scale field does exist. Parker (1964) has shown that a charged particle
moving along a field with small scale irregularities is most effectively
scattered by irregularities which have a scale size comparable to the
radius of gyration of a particle. Particles of appreciably smaller
radius simply follow the field line and pass smoothly through the
irragulariy, and particles of appreciable higher rigidity are only

slightly deflected. Thus, perhaps, if the distribution of scatterers
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TABLE III, Table of Values of H(R) for Various Assumed

Scatter Center Size Distributions

Symbol

N(#) H(R)**
Ro* >R R <R
(¢]
G [1+ (R/R P T
I K, for # <L 3 : 2+
0, for £ 5 1 1 - %R/ )] [.6(R_/R)"]
11 K, exp [-7/L] | (RO/R)2 {}-exp(-R/Ro)L1+R/R0+(1o/24)

2 343
(R/R)“+(1/12)(R/R ) 1§

4.2 2 3
1T K(1/0°-1/1° for £ < L R_ R_)] oN2-
0 for 4 > L [1(RO ) +.2 (Ro [.2(R_/R)"]

2
v K(1/2°-1/L) for £ < L [1_1.5(3_)2 + [.B(RO/R)?’]
[0

O for £ >L
3
oG) ]

* In the above, R = BL.
o

**Multiple constants are not included and are absorbed in A of equation (5).
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is reasonably smooth, a fair estimate of the rigidity dependence of
A for this case would be the dependence of the average distance be-
tween scattering centers on particle rigidity.

Before dicussing the results of analysis of the magnetic field
data referred to earlier, it is perhaps worth reminding ourselves first
that the present measurements are made in a spacecraft moving through
space at a velocity very small compared to the solar wind and represent
approximately the field in the plasma as it moves by one point in
space., No true experimental picture of tﬁe,field lines and their
irregularities in the solar system exists. In particular, the variation
of the irregularities with distance from the sun is not known. Secondly,
all of the measurements have been made in the last several years and
therefore reflect a relatively quiet solar period.

In order to obtain some idea of the regularity of the field,
Parker (1965) created plots drawn by causing a pen to progress with
constant speed across the paper (representing the plane of the
ecliptic) in the direction of the interplanetary field at each instant
of time. These plots indicated that there is apparently a continuous
spectrum of irregularities of all scales decreasing in number with
increasing size from the smallest observable (~1.2 x 105km) up at
least to a dimension corresponding to the radius of curvature of a
particle of several tens of BV/c. The distribution of scattering sizes

appeared to be well within the range of those given in Table III.
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In order to make a more quantitative estimate of the distribution
of the magnetic irregularities, Jokippi (1966) has used the power
spectrum analysis made by Coleman (1966) on the Mariner II magnetic field
data. He found that the scattering was primarily due to irregularities
with scale sizes which are of the order of the radius of curvature of
the particle in the magnetic field, Further from his analysis, Gloeckler
and Jokippi (1966) have shown that the diffusion coefficient describing
the motion of the cosmic raye during the period of low solar activity
(1964 - 1965) is proportiongl to BR in the region of interest and that
the diffusion coefficient along the field is very much greater than
across it. Parker(1965) has already shown that in this case, i.e.,
diffusion primarily along a field line, the modulation equation is
essentially identical in form to equation (4) except that now A is
a more complicated function involving the velocity of rotation of the
sun and the solar wind velocity. Hence, for the present, equation (4)
can still be used with H proportional to R. We shall then come back
later to the question of whether or not the quantitative values deter-
mined for A are reasonable.

So far the problem of energy loss has not been discussed. Parker
(1965) has shown that the cosmic ray particles lose a significant
amount of their emergy to the expanding interplanetary fields. The
amount of energy loss is a function of the initial energy and in the

isotropic diffusion case on the parameter r, V/K, where K is the
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diffusion ccefficient and except for sign is the quantity in square
brackets in equation 1. The energy loss equation is solved only for
large values of roV/K, and roV/K=o and is interpolated in between

It is a percentage of the total energy for a fixed r,V/K and depends
somewhat on particle velocity, in addition to the velocity dependence
in K, being a greater percentage for non-relativistic particles.
Figure 6 of Parker (1965) shows the degree of the effect as a
function of roV/K. To see rOV/K in the symbols being used here, we
have (r,V/K) = 3r V/BA = AH(R)/B. A further discussion of deceleration
and its importance will be given in the analysis of the experimental
data (part VI).

It has been noted (esg.,Webber and McDonald, 1964); that the
neutron monitor data suggests that the modulation at high rigidities
(5 to 50 BV/c) is not well represented by the mean free path between
collisions being proportional to the square of the rigidity, as would
be suggested by the high rigidity portion of some of the modulation
functions discussed here, but actually has a less strong dependence
o» vigidity. The analysis of Manzano and Winckler (1965), for example,
suggests that A would be proportional to R1'6, There may, however,
not be a discrepancy between the basic physical theory and experi-
mental data, but only an unjustified mathematical approximation in
this range. The R? dependence results from a random walk calculation

wherein each deflection of a very large number is proportional to R.
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If the number of‘significant deflections is small, as it may be as
one approaches high rigidity, then, an RZ dependence would not be
expected, but a less strong dependence somewhere between R and R2,
Further the R? dependence occurs only in the case of isotropic scat-
tering centers and an R dependence occurs in the case of an isotropic

diffusion along a field line, as we have mentioned.

IV. Comparison of Experimental Data to the Solar Wind Theory

Without any Restrictions on the Spectra Outside of the

Solar System

In this section we shall discuss the approach to meodulation which
is in principle the most attractive; that is,an analysis will be made
of what can be learned without any assumptions being made abeout the
spectrum outside the solar system. Examining equation (5), it can be
seen that this approach implies the elimination of g(i,k) in some
manner. If j(i,k) is measured at two different times, the expression
for j(i,k) at one time can be divided by that at another. Performing
this operation and taking the logarithm of the resulting expression
yields:

1
i

In (1K, €10/ (1,k, 02} = § {8(t5) B(R,RG(£2))-A(E1) H(R,R (¢ ) X&)
~ -4

Since in the model proposed earlier only A and Ro may vary, a means
of obtaining A and Ro as a function of time exists in principle since
there are four values A(t;), A(t2), Ro(ty) and Ro(tp) for a given

function H(R,R,), and the ratio j(i,k,t1)/j(i,k,ty) can be evaluated
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over R. Further, the ratio can be examined for different species. In
fact the limited data and large errors make this procedure very difficult,
and full of pitfalls resulting from ambiguities consisting of several

possibile interpretations depending on the assumptions related to H(R,Ry,t).

Using this approach, Gloeckler and Jokippi (1966) have shown that
there is a relatively strong rigidity dependence for the period from
December 1963 to September 1965,:in the energy interval from 20 to 90
MeV/nucleon both on the basis of the relative variations of the proton
and helium fluxes and on the variation of the differential helium
flux as a function of energy.

In their work they showed that H~R=% leads to satisfactory agree-
ment with the data for both the changes from (December 1963 - May 1964)
to (October - November 1964) and from (October - November 1964) to
(June - September 1965). However, an analysis of the same data shows
that an expression of the form of G on table I agrees with the data
as well, as do several other representations for H. Specifically,
using the work developed later as a guide to the numerical values, it
was found that agreement could be obtained if R, changed from 0.85
BV/c for December 1963 - May 1964 to 0.6BV/E& for October - November
1964 while A remained about 0.6.

Silberberg (1966) has used this approach to explore the data
obtained during the period 1959 through 1964. He concludes that the

data can be fitted by H equal to a constant below some rigidity and
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and H proportional to R-1 above, where the transition rigidity can
vary with time. The data, however, also agree with other functions;
for example, the expression H = (1 + (R/Ro)z)-1 will also satisfy the
data (e.g., Fichtel et al, 1965).

In general, the limited data available do not really permit very
full use of this approach during the years 1959 to 1963, and, even for
the more accurate data obtained in 1964 and 1965, the interpretation

is ambiguous.

V. Comparison of the Experimental Data with Solar Wind Theory

with Restrictions on the Spectra Qutside the Solar System

In this section a number of approaches will be considered, Firstly,

it will be assumed that the source spectra of the protons, helium nuclei,
and heavy nuclei are the same. It will be seen that this assumption
leads to apparently irreconcilable contradictions. The treatment of
interstellar travel and secondary production will also be presented
and developed as necessary. Next, the assumption that the proton
spectrum is the same will be abandoned, but the assumption that the
spectra of multiply charged nuclei at the source are the same in shape
will be retained. This is a not unreasonable assumption since the
protons have a different charge to mass ratio from the remaining nuclei,
The justifications for this assumption are treated in more detail by
Fichtel and Reames (1966), though it is perhaps particularly worth

noting that solar cosmic rays appear to have this property of similar
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spectra for all but the proton component (See for example Biswas and

Fichtel, 1963)

A. Similar Source Spectra

Before proceeding, the particular approach to be used will be
discussed more exactly. It will be assumed that essentially nothing
is kpown about the particular shape of the source spectrum outside of
the sclar system.  Now, if only one type of particle, for example the
protorn, is considered, a wide class of modulation functions would be
permitted since each could generate a potential source spectrum,

The approach here will be to assume that the source spectrum of the
protons and the helium nuclei are the same in energy/nucleon or in
rigidity except for a normalization constant. The constraints are then
fairly severe.

The problem will first be attacked considering only the effects
of energy loss due to ionization in interstellar space in order to
simplify the problem and make the significance of the result clear,
The effects of fragmentation and low energy secondary proton produc-
tion will then also be considered in the next subsection to show their
effect,

Let us first look at the case of the identical energy/nucleon
spectra at the source except for the normalization constant C. The
energy/nucieon spectra just outside the solar system“"g(i,E/N) will

also have the same form because the rate of energy loss in terms of
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of energy/nucleon is the same for protons and helium nuclei at a.given
energy/nucleon. Hence, from (4),

Kp,E/N) = g (E/N) exp {-(1/p) [AH(R ,R )]}

5 (WEMN) = § & (B/%) exp {-(1/p) [aH(R,,R )]}

i(p,E/N
J(x,E/N

y = Cexp {5 H(RR)HR 5 )]} (9)

In 1963 there were several measurements of the proton and helium
nuclel energy spectra, and we shall use these data for the discussion
here, although data from other years would lead to conclusions, which
are virtually identical. From these data, presented'in Figutes 2 ‘and
3 it is possible to see if the theoretical picture will agree with the
experimental data for any of the A functions chosen. It was found
that a fit to the proton to helium ratio could be obtained as shown in
Figure 4 for all but one of the forms of H(R) given in Table III,
specifically G, II, III, and IV, Figure 5 shows the unmodulated spectra
which result from thi;‘analysis and also the spectra after extrapola-
tion through material back to the source. They are seen to be very
steep spectra and would constitute a very large flux and energy density
for cosmic rays; larger than magnetic field energy density in the galaxy,
for example. Reasonable fits can be obtained for 1961, 1962, 196k,
and solar maximum, using the ummodulated spectrum derived from the 1963
data and adjusting the parameters A and Ro in the modulation functions,
However, we shall not show these in a figure here due to the improb-

ability of any of these source spectra being correct, since in addi-

tion to the objection just mentioned to this type
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of source spectra there is a strong argument against helium nuclel

having this steep of a low energy spectrum based on analysis of the
interstellar travel of helium and heavy nuclei (Fichtel and Reames,
1965).

Balasubrahmanyan et al. (1965) have shown that, if it is
assumed that the proton and helium energy/nucleon spectra at the
same at low energies only, then with a proton to helium ratio of
five reasonable agreement can be obtained with the experimental
data for a relatively flat source spectrum and a modulation
function wherein H of equation (2) is a constant. This analysis,
of course, implies different source spectra in order to account
for the fifteen to one proton to helium nuclel ratio at high energies.,
The case of possibly different source spectra is analyzed in
section V. C.

The second similar spectra assumption to be explored is that
the protons and helium nuclel have similar rigidity spectra at
the source. Here, the problém is not quite so straightforward
because the particles lose different amounts of rigidity while
traversing the same amount of interstellar material. To obtain
an expression similar to equation (9), let us proceed as follows:

The source spectrum js(i,Ri) is related to the local but

unmodulated spectrum jL(i’RLi) = js(i’RSi) R,
& .

(10}
Li
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Let jE(i’REi) represent the modulated spectrum observed at the
earth, but unaffected by any earth field effects, REi = Ry since

there is no change in rigidity during this phase, Then,

JE(1:Rgj) = js(i,Rgy) 2“81 * exp | - al;;; AH(Ro,Rgy) | (11)
Rgj

The assumption that the source rigidity spectra are identical in
shape gives:

Kjg(a, Rog) = js(p’RSP) (12)

Choose RSp =R and hence ARSp = ARsa’ and divide equation (11) for

i = p by equation (11) for i = @ to obtain:

ig(p,R; ) AR 1 1
BT B EY % exp [ - B AH(RG,R ) # B A(RO,REa)l
jg (@, REp) ORgy, Ep Ep Eo

(13)
Assuming the value of interstellar matter traversed taken from other
work, it is then possible to determine exactly REp’ REa’ ORpy s AREP,

BEP’ and BEa for a given R (=Rsa) and then proceed as before.

Sp
Figure 6 shows the agreement between the proton to helium nuclei
flux ratios measured in 1963 and the values predicted by equation (13)
for the H(R) functions which give agreement with the data and an inter-
stellar path length of 2,5 g/cmz. The results are plotted as a function
of the proton rjgidity at the earth, Figure 7 then shows the source
rigidity spectra for some of these values of H(R), and also shows the
agreement between the theoretically predicted modulated spectra for

Hg and C = 6.5 as an example, and data obtained in other years. It

is seen that good agreement as obtained, except for the increase in
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the helium nuclei at very low rigidity in 1965, and a generally poor

fit at the lowest rigidity point.

B. Similar Source Spectra and Interstellar Interactions

In tﬁe previdus subsection, the effect on energy loss by ioniza-
tion was considered, but the effect of fragmentation and secondary
production was ignored. The effect of fragmentation has been considered
in detail by Fichtel and Reames (1966) for particles with charges of
two or more. The equations can be used here directly, and the results
extended to singly charged particles, The final equation they obtain

which will be of use to us here is:

%; [“exp<:Xi(E;> Jy (E,x%) Wi(mi] = exp <T%;EE;> wy (E) S (E,x)

where x is the position along the particle path, Wy o= (dE/dx)i, i

(14)

refers to the particular nuclear species, jj is the differential direc-

tional intensity per unit energy/nucleon, A; is the loss mean free

1

path, and S; is the source term. Ai is related to the interaction

mean free path, Aj, by the equation
/Ay = (1-Py3) /Ay (15)
where P;; is the average number of particles of type i formed in the
interaction of a type i nucleus. §; is given by the relation
S;i(E,x) = zk>i jk(E,X)/Aki(E) , (16)
where M is the mean free path for production of i-type particles

from k-type particles. 1In the above fragmentation equations, it is

always assumed that the parent and daughter nuclei have the same
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energy/nucleon,

For the case of cosmic ray protons there is another important class
of interactions, those which lead to low energy protons whose energies
are typically small compared to the primary, The production of secondary
protons has been considered in detail by Feit and Milford (1965). Both
the elastic and inelastic cross sections have been computed using the
method described by these authors,

To include the production of low energy secondary particles,
equation 14 may be used directly, but equation 16 must be modified to
include the effect. Hence, the expression for S which includes both

the effects is:

(] L]
S{(E,x) = %y Ju(Esx) /Ny (B) + Ekzi.f I (E,X) /gy 1 (E,E) dE.(u)

where 1/9(E1,E) is the interaction mean free path for the production
of i-type nuclei of energy E in dE from ke«type nuclei of energy E' in
dE'. The limited data available makes it reasonable to replace the
integral by a sum. Further, because of the lack of information on
cross sections and the belief that other contributions are small, only
the production of low energy protons by helium nuclei and protons was
considered, The values used are given in table IV, Also given in
table IV are the fragmentation parameters which are those determined
by Badhwar and Daniel (1963) for the calculation of interest here,

The particles have been placed in three groups, protons, helium

nuclei, and (Z 2 3) nuclei for the determination of the fimal proton



-28-

TABLE 1IV.
- AT :
MeV)
AE 10 - 90 90 - 250 250 ~ 500
(MeV)
250 - 1000 0.00012 0.000078 0.000048
> 1000 0.00019 0.000054 0.000032

Average number of secondary protons produced within a one MeV interval
in the kinetic energy range AT for a typical primary proton in the

range AE per g/c:m2 of interstellar travel,
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spectra., The calculations for helium spectra were performed in the
manner described by Fichtel and Reames (1966) using five groups, helium,
(3=Z=3), (65Z59), (10sZ<19), and (Z220) nuclei, and the fragmentation
parameters used in that paper.

The results of the above calculation for protons and helium nuclei
are shown in figures 8a and 8b for three different source spectral
shapes both with and without the low energy secondary correction. The
following conclusions can be drawn:

1. The fragmentation correction alone in interstellar space has
a ncgligible effect on the ratio of the proton to helium nuclei as a
funccion of cnergy after passage through 2.8g/cm2 of material.

2. The low energy secondary proton correction has the effect of
enhancing the proton to helium nuclei ratio at low energies, but this
cffect is significant only for relatively flat source spectra such
as that shown in figure 8a. (Presumably, if the low energy helium nuclei
scoendary production were included this ratio would not ke enhanced :o
greatly; however, although this effect cannot be calculatéd accurately
it appears that it should be such that the low energy helium ncuclei
are enhanced by a lesser percentage than the protons from the nature
¢t the interactions and the fact that interstellar nuclei consist
primarily of protons.)

We can see immediately now that the result of including the effant
of interactions 'in interstellar space in the consideration of the cuasc

of similar source spectra is to require even steeper source stectra
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than those in VA. This last statement is true because now C in equation
(9) becomes aAfunction of energy and is always equal to or greater than
the valué used formerly, having a tendency to increase fowards lower
energles. Therefore, the observed spectra must have been modulated

more strongly. Howevef, notice alsc that since the source spectra
derived in VA were already very steep the calculations above show

that the effect is really quite small. Hence, the primary conclusion

(@D

o

his subsection is that, including the low energy interstellar
secondary effect, has essentially no effect on the result of sub-
seetion VA, namely that if the scurce spectra are similar they are

very steep of the form of figures 5 ov 7.

C. Restricted Helium Spectrum
Another approach to the problem of trying to find a solution to
the modulation problem is to abandon the restriction that the protons

and helium nuclel must have similar spectra at the source, and rather

sane energy/nuclecn Spectra initially. Thus, for example, helium,
carbon, oxygen, and neon would all nuve the same energy/nucleon or
rizidity spectra, but the spectra of protons and helium nuclel might
be quite different. There is gond reason for making this assumption
cn the basis of accelerating mechanisms for reasons outlined by
Fichtel and Reames (1966). Usiné;this approach, they found that the

relative abundance as a function of energy observed at the earth
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demand that the source spectrum of the helium and heavier nuclei must
be quite flat at the source if they are to be the same. This conclusion

3

arises principally from the amount of Li, Be, B, and He” determining

the amount of matter traversed by the nuclei, and the near equality

of the relative abundance at low energies and high energies. The maximum
cosmic ray spectrum observed in 1965 sets a lower limit for the spectral
flux at low energies; so the spectrum at the source for helium and

heavier nucleil is defined within reasonably narrow limits. The source

spectral form

o
g_; = A,y (18)

is in agreement with these constraints. Here, WN is the total energy/

nucleon, A is a constant for a given nuclear species, and o is a

k
constant in the range of 2.5 to 2.7. Starting with this spectrum and
extrapolating it through 2.8 g/cm2 of interstellar space, in the

manner described by Fichtel and Reames (1966),a spectrum is obtained
representing the spectrum outside of the solar system in the same

manner described previously. The modulating function can then be applied
to this spectrum., Using form G for H(R) from tableIIT with the
assumptions implied in equation 4, it is possible to obtain agreement
between the curves calculated in this manner and the experimental

helium nuclei data. These are shown in figures 9a and -9b with the

value of A and R_ of equationg being ihidicated. It is also possible

to obtain agreement with the experimental data for forms I, II, III,
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and IV for H(R) as given in table III. Hence, at least within the
limits of variation implied by these forms the result seems to be
insensitive to the type of distribution of scattering sizes chosen.

Having now determined the modulation function, it is possible
to apply it together with the existing proton data to obtain an un-
modulated proton spectrum outside of the solar system. This procedure
was followed usirg the proton data from 1963, shown in figure 2, and the
mod:lutior parameters determined from the helium data. The spectrum
determined in this marner was then modulated using the modulation
parameters for the years 1965, 1963, 1961, ard 1959 determined from
the helium nuclei data to determine if the approach is consistent,
Figure 10, except for the 1959 data, shows that it is. A somewhat
better fit to the proton data in 1959 can be cobtained using a higher
value of A and a lower value of Ros but the fit to the helium datc
is less satisfactory. At this time, this difficalty is not thought to
be a serious okjection to this particular approach due to the large
ureertainty in the proton data peints resulting from the relatively
greater amount of residia! atmosphere above the detector on thess halloons
Ptlghle compured Lo Tater flighls and the strong possipility of orly
footial transmission of the low energy protons through the earth's
mapretic field at the location of this flight (International Falls),
compored to the later flights at Fort Churchill. This last point iz
fel®t te be particularly significant.

If the assumpticns of this approach are correct, then, the results

would indicate that, if the higher energy data (5 to 50 BeV/nucleow}




-33-

are correct, the proton and helium nuclei have significantly different
spectra.

This derived proton spectrum can now be extrapolated back to
the source using the techniques discussed earlier. Including both
the effects of fragmentation and low energy secondary production,
the spectrum shown in figure 11 is obtained along with the assumed
spectrum for helium nuclei. This figure shows that the proton to
helium ratio at the source would be about 5 at a few hundred MeV/

nucleon compared to about 15 to 20 at very high energies/nucleon.

D. Value of the Modulation Coefficient

It is now possible to consider whether or not the experimental
value obtained for A of equations (4) and (5) is reasonable in terms
of what is known about the parameters involved in A. The exact function
for A depends on the particular model chosen, so it will be necessary
to make some specific choices. Beginning with the simplest ' case,
if we assume G(r) of equation (2) is a constant, GO, until some
radius r and zero thereafter, equation (5) gives

A= 3V Go(ro-re) (19)

As was seen above, A is approximately equal to 0.5 to 1 ¢, where
¢ is the velocity of light, and V is approximately 400 Km/sec. Hence,

Go(ro-ré) = (2.5 to 5)mx 102
Since H(R) is of the order of unity for particles in the range of

1 BV/cgquation (2) shows that 1/Go gives the order of magnitude of
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.. ilence, if A for a 1 BV/e particle (p= 0.7 % 106 KM in a 5y

4eiad) 3 of the order of several million kilometers, r, is of the
order of 5 to 20 earth radii, which is in the range normally suggested
(e.g. Parker, 1963). As indicated earlier, Parker (1965) has shown
that the results for diffusion essentially along a spiral field line
lead to an equation similar to the isotropic case (See Parker 1965,
equation 31 ). For values of A of the order discussed here, the equa-
tion for the strongly anisotropic diffusion analysis would indicate

a somewhat smaller boundary to the scattering region. Naturally

if the distance between scatters is assumed to decreass witn in-

creasing r, the calculated boundary will be further from the sun.

VI. Comparison of the Experimental Data to the Solar Wind Theory
Including Deceleration
As indicated in section III the problem of deceleration has not
been solved exactly theoretically and so only an estimate of its
effect exists. As an example, the 1963 spectra will be examined. The
ecarlier estimates of A indicated that it was about 0.6; so, using the
work of Parker (1963), an estimate of the deceleration effect can ve
made. The deceleration changes both the energy and the differential
fivx tecause both the energy and the size of the energy interval change.
Figure 12 shows the helium spectrum with the deceleration removed,
but not the mecdulation. It is seen that the shape changes reiatively

little and is still easily fitted by the modulation functions using
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a slightly different value of A and Ro' In the low energy region
the deceleration becomes large, but the spread in the energy intervsl
compensates for this effect stewhat leaving the shape changed little.

It does not appear that this effect could explain the increase in
the differential helium flux at low energies in itself because al-
though the deceleration effect increases in strength at low energies
the suppression due to giffusion does also, generally leading to the
type of result shown in Figure 12, Further the proton component
does not show a similar effect as would be expected. Hence, apparently
the helium nuclei flux increase at very low energies is a function
of the difference between thenanhodulated proton and'helium spectrunm.
Assuming that K is proportional to BR does not change the argument
appreciably since for roV/K values greater than 3 the degree of
deceleration increases only slowly.

Tt is also worth mentioning that it is unlikely that the increase
in the helium particle flux below 30 MeV/nucleon observed in 1964 and
1965 is due to there being few scattering kinks or gell sizes below
the corresponding rigidity for two reasons. Firstly, a proton of the
same rigidity has a kinetic energy of about 115 MeV and there is no
indication of a break in the spectra at that point. Secondly, a 30

5

MeV/nucleon helium nucleus has a radius of curvation 3.2x10"km in a

5 gamma field and the satellite magnetic field data analyzed in the

manner described earlier extend down to periods as short as 100 sec

5

corresponding to 0.4 x 10"km. Also, since these low energy particles
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only appear near solar minimum and the proton to helium ratio is quite
small in the energy/nucleon interval where they appear, they are prcbably
not solar. Therefore, although the situation is not yet entirely
clear, they are probably in the primary flux.

In looking for other experimental evidence for deceleration or
the lack of it, Fichtel and Reames (1966) summarize the several reasons
for believing there was not any appreciable Fermi type deceleraticn,
but indicated that for the expansion deceleration case, the experi-
mental data could only argue against large (»25%) decelerations, for
mediumn energy (~150 MeV/nuc.) nuclei and electrons. The two major
considerations were the light to medium nuciei ratio hump at 150
MeV/nucleon and the presence of low energy (1 to 10 MeV) electronc,
From the analysis here, only a 10 to 20% deceleration is expected ror
130 MeV/nucleon particles, and, since B is essentially cne for 1 to
10 MeV electrons and the rigidity is sufficliently small so that
electrons may be scattered very 1little and simply follow the field
lines, Since rOV/K is small because K is large; there ig alsc little

deceleration for these particles,

VII. Summary

The solar wind theory of the modulation of galactic cosmic rays
now seems to be on reasonably firm ground experimentally and theoreti-
cally, being consistent with the recent plasma and field meusurements

as well as the particle measurements; whereas other well krown
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modulation models now have serious difficulties. It was shown that
the solar wind theory parameters determined experimentally from the
charged particle data are consistent with the values expected from
other knowledge. It was further seen that the available experimental
data allow only limited conclusions to be drawn without making any
restrictions at all on the particle spectra outside the solar system.

Several different assumptions were then made about the source
spectra. The historically popular assumption of similar energy/
nucleon spectra at the source for protons and helium nuclei leads to
uvnmodulated cosmic ray spectra which have.Very high intensities at
low energies. In fact, the flux is so large that the cosmic ray
energy density would clearly exceed the magnetic field energy density
in the galaxy. Further, this result is inconsistent with the helium
nuclel energy spectrum derived from the assumption
that helium and heavier nuclei with the same charge to mass ratio
have the same spectrum at the source. A similar analysis based on
similar rigidity spectra at the source for protons and helium nuclei
led to a source.spectral shape which was more reasonable. The general
conclusions were not affected by the type of scattering center dis-
tribution assumed over a wide range of choices. Further, the inclusion
of secondary protons produced in intergalactic space tended ﬁo have
a relatively small effect.

The next approach was to assume that a helium spectrum of the

type deduced from the helium and heavy nuclei data, assuming similar
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source spectra, was correct. Given the unmodulated spectrum, the

degree of modulation could be calculated for each year, and from these
results it was possible to calculate an unmodulated source spectrum which
differed from the helium one and led to a proton to helium nuclei

ratio which increases with energy/nucleon in the range from 0.1 to

20 BeV/nucleon, if the high energy experimental data are correct.

Finally, the importance of deceleration was considered, and,
although the degree of deceleration is soméwhat difficult to estimate
it was seen that the particular shape of the measured spectrum made
the previous analysis insensitive to the deceleration effect.

Thus, although it is not yet possible to have a clearly defini-
tive answer to the problem of modulation, there are a number of
important conclusions which can be drawn. Further, it is beginning
to appear that the concept of similar source spectra for protons and
helium nuclei will have to be abandoned ultimately. On the experi-
mental side, precise proton, helium nucleil and electron spectra as
a function of time and distance from the sun over a wide range of
energies will provide the basis for a much more exact understanding

of the modulation process.
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Figure 1.

Figure 2.

Figure 3.

Figure Captions

Energy distribution of secondary singly charged particles
formed in interactions of cosmic rays with nuclei in
nuclear emulsions. These secondaries had angles of less
than 300 with respect to a vector pointing downward into
the earth and represent data collected during the balloon

flights in 1961, 1963, and 1964,

The differential energy/nucleon fluxes for protons measured

by various investigators in 1959, 1961, 1963 and 1965.
1959-% : Webber and McDonald (1964); 1961-®:
Present work; 1963- »: Present work; 1963-
McDonald and Ludwig (1964); 1963-~: Balasubrahmanyan
and McDonald (1964); 1963-i 'z Freier and Waddington
(1965b); 1963-A: Ormes and Webber (1965); 1965-4@p:
Balasubrahmanyan et al. (1966); 1965-. : Ormes and

Webber (1965).

The differential energy/nucleon fluxes for helium nuclei
measured by various investigators in 1957, 1961, 1963,
and 1965.
1959-"«'; Webber and McDonald (1964); 1961- & Present
Work; 1963~ mPresent work; 1963-{: Balasubrahmanyan

and McDonald (1964); l963-<ﬁ: Fan et al. (1965);



1963-"": Freier and Waddington (1965b); 1963-/ :
Ormes and Webber (1965); 1965-@@: Balasubrahmanyan
et al. (1966); 1965-{ ¢ Comstock et al. (1966);

1965-4: Ormes and Webber (1965).

Figure 4, Proton to helium nuclei ratio determined from the 1963
measurements shown in Figures 2 and 3. The curves in-
dicate the theorétical ratio for the parameters given
in the figure assuming similar energy/nucleon spectra

for protons and helium nuclei at the source.

Figure 5. Urmodulated spectra and source spectra obtained using
the 1963 observed spectra and assuming 2.8 g/cm2 of
interstellar matter, similar velocity spectra at the
source for protons and helium nuclei, and the indicated
parameters.

Figure 6. Proton to helium nuclei ratios observed in 1963 as obtained
from Figures 2 and 3, plotted as a function of proton rigidity.
The curves show the theoretical values which were obtained
for the indicated parameters. Note: the helium flux
value which is compared to the proton value is measured

at a different rigidity; see the text for an explanation.

Figure 7. Source spectra and modulated spectra obtained using the
observed 1963 spectra and assuming 2.5 g/cm2 of inter-

stellar matter, similar rigidity spectra at the source for




Figure 8a.

Figure 8b.

protons and helium nuclei, and the parameters indicated
in the figure,
1961-/ alpha, J:. protons: present work; 1962-:
alpha @ protons: present work; 1963 ---- averaged
1963 data, see Figures 1 and 2 for references;
1965-\ alphas Comstock et al., (1965); l965-<‘~
alphas,. protons: Balasubrahmanyan et al., (1966);

[ alpha, ¥ protons: Ormes and Webber (1965),

Unmodulated differential spectra for protons and helium
nuclei with the secondary singly charged particle correc-
tion (solid line) and without it (dashed line) assuming

a source spectral shape of the form C/Wz's, where W is
the total energy per nucleon, an interstellar path
length of 2.8 g/cﬁz, and proton to helium nuclei ratios
at the source in this energy region of three (B) and

five (A).

Ummodulated differential spectra for protons and helium
nuclei with the secondary singly charged particle correc-
tion (solid line) and without it (dashed line) assuming

a source spectral shape of the form deduced earlier
assuming similar source rigidity spectra (See Figure

7), an interstellar path length of 2.8 g/cmz, and a

proton to helium nuclei ratio of five.



Figure 9a.

Figure 9b.

Fipure 10,

Figure 11.

Calculated helium spectra obtained for 1965, 1963, 1961,
and 1959 assuming a source spectral shape of the form

C/WZ‘S, an interstellar path of 2.8 g/cmz, a modulation
function of the form G of fable III, and the parameters

given in the figure.

Calculated helium spectra obtained for 1965, 1963, 1961,
and 1959 assuming a source spectral shape of the form
C/W2'7, an interstellar path of 2.8 g/cmz, a modulation

function of the form G of table III, and the parameters

given in the figure.

Unmodulated proton spectrum deduced from an analysis

of the helium nuclei data (see text) and the calculated
modulated proton spectra for 1965, 1963, 1961, and 1959
using the parameters shown which are the same as those

deduced for the helium nuclei for o=2.5.

Derived source spectrum for helium nuclei (B) and
protons (D) using the unmodulated proton spectrum (G)
of figure 10 and the unmodulated helium spectrum

(A) discussed in section V C.




Figure 12  Smooth fit to observed 1963 modulated helium nuclei spectrum
(solid line) and curve (dashed line) showing an estimate
of what the spectrum would have been if there had been
only convection-diffusion modulation and no deceleration

(see text).
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